We have studied the temperature scaling laws for the conditions under which a cloud of trapped 85 Rb atoms in the + / − configuration makes the transition from the temperature-limited regime to the multiple-scattering regime. Our experimental technique for measuring temperature relies on measuring the ballistic expansion of the cloud after turning off the confining forces and imaging the cloud size as a function of time with two CCD cameras. In the transition regime, the temperature T is shown to depend on the number of atoms N and the peak density n as ͑T − T o ͒ ϰ N 1/3 and as ͑T − T o ͒ ϰ n 2/3 , in a manner consistent with theoretical predictions. Here T o is defined as the equilibrium temperature of a low-density optical molasses. In the multiple-scattering regime we find that T ϰ⍀ 2 / ͑␦⌫͒, where ⍀ and ␦ are the Rabi frequency and the detuning of the trapping laser, respectively, and ⌫ is the natural linewidth of the cycling transition. We have also measured the ratio of temperatures along the axial and radial directions of the magnetic field gradient coils and find that the temperature is isotropic only if the intensities of the three orthogonal trapping beams are equal, and that the ratio is generally independent of trapping laser intensity and magnetic field gradient. Finally we demonstrate a measurement of the gravitational acceleration precise to Ϸ0.1% by tracking the center of the cloud during ballistic expansion.
INTRODUCTION
It is now routinely possible to obtain samples of lasercooled atoms with temperatures of Ϸ100 K in magnetooptical traps (MOTs). 1, 2 Although MOTs have been widely used for precision measurements 3, 4 and are used as the starting point in Bose-Einstein condensation experiments, 5, 6 the temperature characteristics of a MOT have not been fully understood. This is partly because atom traps of alkali atoms are multilevel atomic systems and are thus inherently complex. Control parameters, such as laser intensity, detuning, field gradient, and number of trapped atoms, can easily be adjusted to obtain lasercooled samples in regimes that exhibit different scaling laws for the temperature, density, and cloud size. In particular the temperature is typically strongly correlated with laser intensity, but weakly correlated with the number of atoms. This behavior is related to the modification of the mechanism of polarization-gradient cooling in the presence of multiple scattering. The characteristics of these regimes have been outlined in Refs. 7-9 and explored in Refs. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . All these experiments suggest that the temperature T is proportional to the laser intensity I in the absence of multiple scattering. However, in the presence of multiple scattering, the results are somewhat inconclusive. For example Refs. 17 and 19 find that the temperature scales as N 1/3 ͑I / I sat ͒ 1.5 , and Ref. 18 reports that the temperature excess due to multiple scattering ͑T − T 0 ͒ scales as N 1/3 ͑I / I sat ͒ . Although these studies confirm the dependence on the number of atoms N predicted by Refs. 8 and 9, they are not in agreement with the predicted dependence on intensity I and detuning ␦.
Here T 0 is defined as the equilibrium temperature of a low-density molasses for a given laser intensity and detuning, and I sat is the saturation intensity for the laser cooling transition.
It is also notable that with the exception of Refs. 15, 20, and 21, most of the experimental work pertains to Cs. In addition the experiments in Rb do not seem to have explored the influence of multiple scattering in detail. All the experimental work has also relied on a single technique to measure the temperature, namely, the time of flight of cold atoms through a probe laser placed below the falling cloud. 22 Thus the temperature measurements in previous work are characteristic of a one-dimensional velocity distribution (along the vertical axis). Since temperature scaling laws are strongly influenced by atomic level structure, we have carried out detailed studies in 85 Rb and compared the trends to the Cs data. We have also measured the three-dimensional velocity distribution of the cloud to improve our understanding of theoretical predictions. To measure the temperature, we studied the ballistic expansion of the cloud as a function of time. We fit the spatial profile of the cloud to a Gaussian distribution. We have combined the cloud size data with measurements of the total number of atoms (inferred from trap fluorescence) to obtain the peak density of the cloud. We were therefore in a position to measure the scaling laws for N and n in a self-consistent manner. Our results clearly show that the temperature scaling is such that ͑T − T 0 ͒ ϰ N 1/3 ␦ −1 and that ͑T − T 0 ͒ ϰ n 2/3 ␦ −1 . This behavior is observed even in the regime where the MOT makes a transition from temperature-limited behavior to the multiple-scattering-dominated regime. Our results also indicate that the temperature is strongly correlated with laser intensity I in the multiple-scattering regime ͑T ϰ I͒.
In the presence of multiple scattering, we further find that the cloud radius R scales as N 1/3 and as Ϸ͑dB /dz͒ −1 , and that the density shows a characteristic power-law dependence on the field gradient as it saturates. These trends are particular to the multiple-scattering regime. We also find that the trap has an isotropic temperature distribution only if the intensities of the three orthogonal laser beams are equal, and the anisotropy is generally insensitive to other control parameters such as laser intensity and detuning and magnetic field gradient.
For the conditions of low intensity ͑I Ϸ I sat ͒, ͑dB /dz͒ Ͼ 15 G / cm, and ␦ Ͼ⌫, we observe evidence for twocomponent spatial distributions as in Ref. 7 . Since the temperature measurements reported here pertain to the multiple-scattering regime for which the spatial profiles are Gaussian, we are careful to avoid making the transition to the two-component regime.
We also demonstrate a measurement of the gravitational acceleration g precise to Ϸ0.1% by tracking the center of the falling cloud. We discuss how this measurement can be used to infer the population distribution in the magnetic sublevels of the ground state of the cycling transition.
The rest of the paper is organized as follows. Section 2 is a discussion of the theoretical background pertaining to the temperature-limited and multiple-scattering regimes. Section 3 describes the experimental technique, and section 4 contains a discussion of the results.
THEORETICAL BACKGROUND
For a multilevel atomic system such as 85 Rb, the temperature is determined by polarization-gradient cooling. 23 In the absence of multiple scattering the cloud temperature can be described as
where ⍀ 2 / ␦ is the Stark shift given in terms of the Rabi frequency ⍀ and detuning ␦, and C + − and C 0 are constants dependent only on the atomic level structure. The cloud temperature can also be expressed as
where D is the diffusion coefficient and ␣ is the friction parameter. The polarization-gradient cooling mechanism is strongly modified in the presence of multiple scattering (which affects both D and ␣).
The first calculations-reported in Refs. 8 and 12 applied to a two-level atomic system-showed the influence of reradiated photons on the diffusion coefficient for an optically thick sample with constant density. In Ref. 8 the extra contribution due to multiple scattering was found to be proportional to the optical thickness of the cloud, and the diffusion coefficient was shown to vary as N 1/3 n 2/3 . This treatment assumed that the spring constant is independent of density, an assumption that is not valid if the cloud temperature is determined by polarization-gradient cooling.
Refined calculations were reported for the lin-perp-lin configuration in Ref. 9 in the far-field limit, assuming that atoms are separated by r ӷ and that the interaction is given by the 1 / r potential between two excited atoms. A master equation was derived describing the influence of a rescattered background field on a single atom. This calculation applies specifically to multilevel atoms that are cooled by the mechanism of polarization-gradient cooling. In the low-intensity, large-detuning limit it was found that even a small background field due to multiple scattering could affect polarization-gradient cooling. The number of reabsorbed photons was found to scale as N 1/3 n 2/3 . The friction parameter was shown to decrease faster than the diffusion coefficient as a function of N so that the temperature increase due to multiple scattering scales as N The characteristics of various regimes in a MOT were thoroughly explored in Ref. 7 . This work describes a temperature-limited regime in which the number of atoms is of the order of Ϸ10 4 . In this regime n ϰ N, and the radius of the cloud is independent of N. It is in this regime that most studies have shown the validity of Eq. (1). [15] [16] [17] Another characteristic of this regime is that the spring constant is proportional to the field gradient, and the radius of the cloud scales as ͑dB /dz͒ −1/2 , where ͑dB /dz͒ is the magnetic field gradient along the axial direction defined by the gradient coils.
2 it is possible to argue that the temperature should be independent of the field gradient, consistent with the results of Ref. 15 .
As the number of atoms increases into the multiplescattering regime, the density increases and then saturates and the cloud volume begins to increase. It has been proposed 7 that this effect is the true signature of the multiple-scattering regime. Although experiments reported in Refs. 17 and 18 have shown that the temperature should scale as N 1/3 in the regime in which the density saturates, the arguments of Refs. 7 and 8 suggest that the temperature should scale as N 1/3 and as n 2/3 even as the cloud makes the transition from the temperaturelimited regime to the multiple-scattering regime.
The results of Ref. 7 also established that the spatial profile of the cloud is described by a Gaussian distribution in both temperature-limited and multiple-scattering regimes. However, these findings contradict earlier measurements, 25 which showed uniform spatial distributions in the multiple-scattering regime. However, predictions for the dependence of peak density on ␦ and ⍀ derived in Ref. 7 and earlier in Ref. 12 have not been consistent with experiments. 7, 20 Ref. 7 also identifies a two-component regime of the trap. A trap containing Ϸ10 8 atoms operating in the multiple-scattering regime can make a transition to the two-component regime in the presence of large field gradients and large detunings. This regime is characterized by the presence of an inner cloud within which polarization-gradient cooling occurs and an outer cloud with a temperature that is determined by Doppler cooling.
EXPERIMENTAL DETAILS
The basic experimental setup is shown in Fig. 1 . Several laser frequencies used in the experiment are derived from a single Ti:sapphire laser. This laser is locked to an external Fabry-Perot cavity and has a linewidth of Ϸ1.5 MHz. The trapping laser beam is generated by an acousto-optic modulator (AOM) operating at Ϸ80 MHz in a dual-pass configuration. 26 A part of the Ti:sapphire light is sent to a saturated-absorption spectrometer that contains a Rb reference cell and another AOM operating at Ϸ80 MHz in a dual-pass configuration. The laser is locked to the F =3 → F =4Ј transition by means of frequency-modulation spectroscopy. This involves modulating the RF oscillator used to drive the AOM in the saturated-absorption spectrometer at a frequency of 10 kHz. The modulated signal from the reference cell is mixed down to DC to generate the dispersion line shape that is fed back to the laser. A dual-pass AOM operating at Ϸ80 MHz is used to generate a probe beam resonant with the F =3→ F =4Ј transition. Another AOM operating at Ϸ250 MHz is used in the undiffracted beam passing through the trapping AOM to produce an optical pumping beam resonant with the F =3→ F =3Ј transition. A repump beam is derived from a separate grating-stabilized-diode laser with a linewidth of Ϸ1 MHz. This laser is locked by saturated absorption so that the laser is resonant with the F =2→ F =3Ј transition. The intensity of this laser is controlled by an AOM operating at Ϸ40 MHz.
The MOT is loaded from Doppler-broadened Rb vapor. We typically accumulate a steady-state number of Ϸ5x10 8 atoms in Ϸ300 ms with three pairs of trapping beams with a 1 / e 2 diameter of 32 mm. The beams are aligned along the axial and radial directions of the antiHelmholtz coils. The external magnetic fields are canceled to within + / −25 mG by three pairs of Helmholtz coils.
The pulses required for controlling the AOMs, the magnetic field gradient, and the CCD cameras are provided by digital-delay generators. To measure the temperature, we record the cloud size as a function of free-expansion time. After turning off the trapping beam in Ϸ1 s and the field gradient in Ϸ500 s, the trapping and repumping beams are strobed for an exposure time of Ϸ500 s following a variable time delay. The integrated fluorescence from the atoms during this period is recorded by two identical, analog, gray-scale CCD cameras with zoom lenses that are positioned outside the chamber and set up to image the cloud along the radial and axial symmetry directions of the anti-Helmholtz coils. The cameras operate in fieldon-demand mode and are supplied with trigger pulses that open and close their electronic shutters as shown in Fig. 2 . The shutter-open (exposure) time of the cameras is equal to the width of the trigger pulse, with a lower limit of 100 s. The video outputs of the cameras are connected to separate inputs of a frame grabber that is triggered by the same pulse as the camera shutters. The repetition rate of our experiment ͑2.997 Hz͒ is synchronized with the camera field rate ͑59.94 Hz͒ by virtue of the sensitivity of the frame grabber to the incoming field rate. The repetition rate is limited by the loading time of the trap and the image processing time.
To study the dependence of temperature on laser intensity, we loaded the trap at the selected values of field gradient, laser intensity, and detuning. To study the temperature dependence on N and n, atoms are first accumulated by loading the trap with optimal laser intensity and detuning at the required field gradient. The number of atoms is varied by changing the trap loading time. The intensity and detuning are then switched to their final values and the cloud is allowed to equilibrate for 50 ms before the temperature measurement is carried out.
For the conditions of our experiment the spatial distribution of the cloud can be modeled by a MaxwellBoltzmann function n͑z͒ = n 0 exp͑−z 2 / R Z 0 2 ͒, where R Z 0 is the initial 1 / e cloud radius along the z direction. As in Refs. 27 and 28 we describe the expansion of the cloud as a function of time t by the quadrature sum of two Gaussian functions so that
Here v 0 = ͑2k B t / m Rb ͒ 1/2 is the most probable speed, k B is Boltzmann's constant, and m Rb is the atomic mass of Rb. The temperature is determined by fitting the cloud expansion to the hyperbola given by Eq. (2) .
The number of atoms in the trap is obtained by imaging trap fluorescence on a photomultiplier tube. The initial peak density of the cloud is obtained by combining the photomultiplier tube and the cloud size measurements as in Ref. 29 .
To determine the gravitational acceleration, the position of the cloud center is determined as a function of time with a two-dimensional Gaussian fit. 
RESULTS AND DISCUSSION
A. Temperature Measurement Figure 3 shows a typical plot of the radius of the expanding cloud as a function of time. A hyperbolic fit based on Eq. (2) gives a temperature of 121 K along the axial ͑z͒ direction with a statistical uncertainty of 0.89% for T. Repeated runs for the same conditions suggest that the temperature can be determined to a precision of 1%. The temperature measurements did not exhibit any appreciable systematic effects if the variation of the camera exposure time and strobe laser intensity were limited to the range 0.5-2.0 ms and 10-60 mW/ cm 2 , respectively. Figure 4 (a) shows the peak density of the cloud as a function of the atom number for a range of magnetic field gradients. The number of atoms was varied by changing the intensity and/or detuning of the trapping laser. The results are similar to the work of Ref. 7 and show that the MOT makes a transition from the temperature-limited regime to a regime with a constant density that would be expected in the presence of multiple scattering. The trap volume increases even as the density approaches saturation as shown in Fig. 4(b) . As noted in Ref. 7 this measurement represents a sensitive method of observing the presence of multiple scattering. Figure 5 shows the temperature dependence on the magnetic field gradient for a fixed laser intensity and detuning. It is well known from Ref. 7 that the density is proportional to the field gradient in the presence of multiple scattering. As the gradient increases, the density approaches its equilibrium value. The data essentially indicate that for fixed laser intensity, the change in temperature is associated with the change in the density of the cloud. Thus for dB /dz Ͼ 1.3 G / cm the temperature shows very little variation. As the gradient tends to zero, the vertical intercept would represent the temperature of the optical molasses. In comparison, in the absence of multiple scattering the temperature of the MOT was measured to be the same as the temperature of the optical molasses for the same laser detuning and intensity. 15, 16 In the absence of multiple scattering, the cloud radius scales as dB /dz −0.5 and the spring constant exhibits a linear dependence on dB /dz. 15 As discussed in Section 2 it can be argued that on the basis of the equipartition theorem the MOT temperature should be independent of the field gradient, an expectation that has been experimentally confirmed. 15, 16 In contrast the results of this experiment (in the presence of multiple scattering) show that the cloud radius scales as ͑dB /dz͒ −1 for dB /dz = 0.1-1.0 G / cm and a fixed laser intensity. We observe similar behavior for laser intensities in the range of 10-100 mW/ cm 2 . 
B. Transition from the Temperature-Limited to the Multiple-Scattering Regime

C. Dependence on Magnetic Field Gradient
D. Cloud Radius
Another significant result of this work is that we unambiguously observe that the radius of the cloud scales as N 1/3 in the multiple-scattering regime as predicted by Ref. 7 . This scaling is observed when the density (which is proportional to field gradient) reaches its maximum value. Figure 6 shows R versus N 1/3 for a range of field gradients at a fixed detuning of −4⌫. The number of atoms was varied by changing the laser intensity. The linear dependence shows that the density n has attained its limiting value. We have also verified that at detunings closer to resonance, the peak density remains independent of the field gradient for higher values of field gradient.
E. Temperature as a Function of Intensity in the Multiple-Scattering Regime
We now discuss temperature measurements as a function of laser intensity in the presence of multiple scattering. Figure 7 (a) shows temperature as a function of laser intensity for various trap laser detunings. The data were obtained with a field gradient of 2.5 G / cm and show that the temperature exhibits a strongly correlated linear dependence on laser intensity. This behavior is consistent with predictions for polarization-gradient cooling and has been observed by many groups in the absence of multiple scattering. 15, 17, 21 The data can also be represented on a universal plot in which the horizontal axis is the dimensionless Stark shift parameter ⍀ 2 / ␦⌫ as shown in Fig.   7(b) . We fitted the data to straight lines represented by Eq. (1), where the slope C + − depends only on the level structure of the trapping transition and C 0 is the temperature intercept. This fit, shown as a dashed curve in Fig. 7(b) , gives C + − = 0.36± 0.02, and the value of this parameter was found to vary by Ϸ10% over several data sets, presumably related to alignment of the trapping beams.
The solid curve is a fit to the data with ͑dB /dz͒ = 2.5 G / cm and ␦ =−4⌫ for which I was varied from 2 to 70 mW/cm 2 . The fit results in C + − = 0.65± 0.02. Since the temperature (in this regime) does not vary if the field gradient is increased, it is possible to compare our results with previous measurements in Rb 15 obtained in the absence of multiple scattering with N Ͻ 10 6 . The results of Ref. 15 , shown as a dotted curve, give C + − = 0.46± 0.02 (for ␦ = −4.14⌫, dB /dz = 10 G / cm). We attribute this difference in temperature to the presence of multiple scattering. The breakdown of polarization-gradient cooling observed in Ref. 15 at low intensities was not observed in our experiments.
Nevertheless, the universal plot in Fig. 7(b) is somewhat misleading. We find a systematic dependence for C + − on the detuning as demonstrated by two data sets in Fig. 7(c) . The data in Ref. 15 also seem to show such a trend. This trend suggests that Eq. (1) is valid only in the large detuning limit, but should nevertheless be examined in greater detail. The results of Ref. 16 suggest that such a systematic dependence is unlikely at large detunings.
F. Temperature as a Function of N in the MultipleScattering Regime
Since the temperature variation in Fig. 7 (a) and 7(b) is strongly correlated with laser intensity, we have carried out separate experiments as discussed in Section 3 to study the temperature variation due to multiple scattering by varying N and ␦ independently. Figure 8 shows the temperature variation as a function of N for a fixed field gradient, laser intensity, and a range of detunings. Here N was varied by changing the loading time of the trap. The data are well approximated by the function T = T 0 + aN 1/3 . We find that this scaling law applies in the range when the cloud makes a transition from the temperature-limited to the multiple-scattering regime, thus confirming the predictions of Refs. 8 and 9. The data also confirm the scaling law observed in Cs. 17, 18 The intercepts in Fig. 8 . Figure 9 shows the temperature variation as a function of peak density for a fixed field gradient and laser intensity. The data are fitted to the functional form T = T 0 + an 2/3 and confirm the dependence predicted in Refs. 8 and 9. As in Fig. 8 we find that the intercepts represent the molasses temperature in a manner consistent with Eq. (1).
G. Temperature Anisotropy
We have measured the temperature anisotropy in the trap, T axial / T radial , for typical operating conditions, ␦ =2⌫, as a function of laser intensity and field gradient. Figure  10 (a) shows the ratio of axial to radial temperatures in the cloud in the multiple-scattering regime. The ratio is independent of total laser intensity and magnetic field gradient. This behavior suggests that the scaling laws for the temperature dependence on density and atom number should be valid for all three dimensions. We have confirmed this by analyzing axial and radial temperatures separately. Figure 10 (b) shows the cloud radius along the axial and radial symmetry axes of the magnetic field coils as a function of the intensity ratio I axial / I radial . The corresponding temperatures are shown in Fig. 10(c) . These data were obtained by keeping the total trapping intensity constant and changing the relative powers of the axial and radial trapping beams by use of a half-wave plate and a polarizing beam splitter. The optimal conditions for the trap are in the vicinity of I axial / I radial Ϸ 1.0.
We find that the axial size decreases gradually when the fraction of light intensity along the axial direction is increased, and that the corresponding radial size increases gradually with decreasing radial intensity.
In Fig. 10(c) we see that the temperature decreases as the intensity fraction deviates from the typical operating value of Ϸ1. We attribute this behavior to a reduced amount of multiple scattering for extreme trap size ratios, which leads to a decrease in temperature. It is interesting to note that Ref. 30 also demonstrates this behavior for spatially anisotropic clouds. In Ref. 30 the focus is on exploiting the properties of multiple scattering to increase phase-space density in highly anisotropic traps. Figure 11 shows the position of the center of the cloud as a function of time with a parabolic fit given by z͑t͒ = z 0 + 1 2 g eff t 2 . The center of the cloud is found with a twodimensional search algorithm that uses least-squares Gaussian fits. Here z 0 is the initial position of the center of the cloud and g eff is the gravitational acceleration. The statistical uncertainty in g eff from the fit is 0.4% and from repeated measurements we are able to determine g eff to a precision of 0.1%. The dominant systematic effect in the measurement of g eff seems to be the result of misalignment of the laser beams with respect to the zero point of the magnetic field. This causes the cloud to be launched and results in fitting errors during the first 1 -2 ms after trap turn-off. Other effects include the presence of eddy currents when the MOT coils are turned off and residual magnetization present in the vacuum chamber.
H. Gravity Measurements
For typical conditions ͑␦ =2⌫ , I =50 mW/cm 2 , N Ϸ 10 8 ͒ polarization-gradient cooling has the effect of optically pumping atoms to magnetic sublevels with larger m values. 7 We have confirmed this effect by measuring the populations of the magnetic sublevels of the F = 3 ground state by use of absorption spectra. We have also been able to control the distribution of sublevel populations. This is carried out by turning off the trap and applying circularly polarized optical pumping pulses resonant with the 2 → 3Ј and 3 → 3Ј transitions in the presence of a weak quantizing magnetic field. 29 Varying the optical pumping time allows us to transfer up to Ϸ100% of the atoms into the F =3, m f = 3 sublevel. After the atoms are optically pumped in the desired manner, it is possible to turn on a field gradient and measure g eff . Since each magnetic sublevel has a specific acceleration due to the field gradient, it is possible to investigate if the measurement of g eff could result in a simple diagnostic for determining the magnetic sublevel populations. Such experiments could prove useful for precision measurements of the atomic recoil frequency and gravitational acceleration by use of atom interferometry. 31, 32 
CONCLUSIONS
We have verified that the mechanism of polarizationgradient cooling is valid in the multiple-scattering regime, and our results are consistent with those of Refs. 7 and 17. As in Ref. 7 we see the peak density equilibrate and the volume increase as we enter the multiplescattering regime. We have verified the predicted dependence of the cloud size on the number of atoms in the multiple-scattering regime. We observe the R 1/3 characteristic of equilibrium density.
We have also confirmed that the temperature scales as N 1/3 in the transition region between the temperaturelimited and multiple-scattering regimes. This essentially confirms the prediction of Ref. 8 . The N 1/3 dependence, which was originally observed in Cs, 18 has now been confirmed in 85 Rb. For the first time we have confirmed the n 2/3 scaling law for the temperature by measuring the temperature, the number of atoms, and the cloud size. We note that with respect to variation in N, our results are not consistent with those of Ref. 17 or Ref. 19 . The detuning dependence, however, is approximately consistent with that reported in Ref. 18 .
We have also presented evidence of spatially anisotropic temperature distributions in a MOT, even for fairly typical operating conditions. Further, we have demonstrated a convenient method of measuring by means of a CCD the acceleration due to gravity that is precise to Ϸ0.1%. We are investigating the applicability of this method to measuring imbalances in magnetic sublevel populations. 
